I. INTRODUCTION
The perovskite KTaO 3 is an incipient ferroelectric that exhibits a dielectric nonlinearity at low temperatures, on the order of the transition temperature of high-T c superconductors. As such, a potential application is as a tunable element in microwave circuits. 1 In addition, its close lattice match with the ferroelectric KNbO 3 system makes it an ideal buffer layer for the growth of KNbO 3 films. 2 The growth of KTaO 3 films by the hydrothermal method was carried out and detailed in a separate study. 3 To gain a better understanding of the growth processes, potassium tantalate powders that precipitated along with the films were examined. Details of the defect and structural chemistries of these powders are the subject of the present study.
Traditionally, hydrothermal synthesis is used to produce inorganic phases at moderate temperatures (T ‫ס‬ 400 to 700°C) and very high pressures. Recently, it has been used for low-temperature (ഛ200°C) synthesis of powders and films of several oxides, including BaTiO 3 and Pb(Zr,Ti)O 3 . 4, 5 In contrast, current techniques for synthesizing KTaO 3 powders require relatively high temperatures. Conventional solid-state synthesis based on mixed powders requires long periods of heating at 1000°C. 6 Alternatively, when using precursors such as alkoxides, a defect pyrochlore phase, K 2 Ta 2 O 6 crystallizes at 650°C; the perovskite phase is obtained only after heating to 850°C. 7 Attempts to generate potassium tantalate powders by the hydrothermal method have, to date, produced materials with only a defect pyrochlore structure. 8 This paper details the first report of the hydrothermal synthesis of KTaO 3 powders with the perovskite structure at temperatures of 200°C and lower.
II. EXPERIMENTAL
A series of powders was synthesized by reacting 0.0025 mol Ta 2 O 5 powder in 25 ml aqueous, alkaline solutions containing 4 to 15 M KOH at 100 to 200°C in a 45 ml Teflon-lined, stainless steel hydrothermal container (Parr Co., Moline, IL). After the reaction, the powders were filter-washed with deionized water and dried at 100°C.
The morphology of the powders was examined with field emission scanning electron microscopy (SEM; 6300F, JEOL Ltd., Tokyo, Japan). Compositional analysis was performed by energy-dispersive spectroscopy (EDS; Oxford Instruments, Oxford, United Kingdom). Phases were identified by x-ray diffraction (XRD; Philips X'pert and Philips Materials Research Diffractometer, Philips, Mahwah, NJ). The lattice parameters of the powders were determined based on peak positions for the K 2 Ta 2 O 6 (800) and KTaO 3 (400) phases reported in the literature, 9,10 using the silicon (400) and (511) peaks respectively, as external standards. In situ XRD measurements were performed in vacuum (3 × 10 −4 torr) from room temperature to 320°C using a hot stage with the Philips X'pert diffractometer.
The presence of protons in the powders was determined by 1 H magic-angle spinning nuclear magnetic resonance (MAS NMR, 12 kHz spinning rate) on a DSX 500 spectrometer (Bruker, Germany) at room temperature (25°C) with an external tetra-methyl-silane reference. The presence of water in the powders was determined by Fourier transformed infrared (FTIR) spectroscopy (Magna IR 850 Series II, Nicolet, Madison, WI). For FTIR, powders were diluted to about 1 wt% within KBr, and this mixture was heated at 130°C in a vacuum oven for at least 4 h to remove excess surface water before analysis in dry nitrogen at room temperature. Each spectrum collected (400-4000 cm −1 ) was the average of 64 measurements at 4 cm −1 resolution. Thermogravimetric analyses (TGA/sDTA 851e, Mettler, Toledo, OH) coupled with mass spectrometry; ThermoStar, Pfeiffer Vacuum, Nashua, NH) were carried out to quantify the water content of the powders. The cycle involved heating about 30 mg of powder at 10°C/min to 900°C in a dry nitrogen atmosphere.
III. RESULTS

A. General observations
The XRD spectra in Fig. 1 show that synthesis at 200°C in 7 M KOH yields a pyrochlore as an intermediate product prior to the evolution of a perovskite phase. The pyrochlore powder synthesized after 2 h had a lattice parameter of 10.623 Å, significantly larger than the value of 10.5961 Å for K 2 Ta 2 O 6 reported in the literature. 9 The perovskite structure obtained from the same solution after 24 h was cubic and had a lattice parameter of 3.991 Å, which agrees quite well with the literature value of 3.989 Å for KTaO 3 . 10 As shown in Fig. 2 , the pyrochlore and perovskite particles exhibited distinctly different morphologies-octahedral and cubic, respectively. The K/Ta ratios of the pyrochlore and perovskite phases, determined by EDS were 0.51 and 0.93, respectively, both less than their expected stoichiometry of 1.0. Mass spectrometry assisted TGA data shown in Fig. 5 taken between room temperature and 900°C revealed a total weight loss of 0.68 wt% for the 7 M perovskite powder and 3.1 wt% for the 15 M perovskite powder, 4.6 times greater than the former. In both cases, mass spectrometry ascribed the weight loss to the evolution of water. This agrees quite well with earlier observations by 1 H NMR that the concentration of internally incorporated protons for the 15 M powder was 4.2 times greater than that for the 7 M powder. Also, approximately 68% of the weight loss occurred before 350°C for the 15 M perovskite powder, compared with only 33% for the 7 M perovskite powder. After the TGA treatment, XRD showed that the lattice parameter of the 15 M perovskite powder had decreased from 4.000 to 3.992 Å, similar to the one observed in the as-synthesized condition for the 7 M powder and close to the theoretical value of 3.989 Å, as noted in Sec. III. A. Figure 6 shows the FTIR spectrum for the pyrochlore powder synthesized at 4 M/200°C/16 h; it also exhibits the broad O-H stretching band at 2800 to 3700 cm −1 . In contrast to the perovskite powders, the band at 1635 cm The TGA data in Fig. 7 for the pyrochlore powders showed that all measurable weight loss occurred below 450°C. The total weight loss for the 4 M pyrochlore powder was 6.45 wt% while that for the 7 M pyrochlore powder was 6.60 wt%. Concurrent mass spectrometry confirmed that these weight losses were associated with the evolution of water.
C. Pyrochlore powders
In situ hot stage XRD (3 × 10 −4 torr vacuum) of the 4 M powder showed that there was a decrease in lattice parameter between 100 and 200°C [ Fig. 8(a) ]. The contracted lattice was retained upon heating to 320°C and also after cooling to room temperature. Interestingly, the lattice appeared to have expanded back to its original dimensions after the powder was exposed to laboratory air overnight (≈18 h). In situ hot stage XRD for the 7 M pyrochlore [ Fig. 8(b) ] showed that the pyrochlore lattice began contracting at 100°C. Like the 4 M powder, the contracted lattice was retained after cooling from 320°C to room temperature but expanded back to its original volume after the 7 M powder was exposed to air overnight.
IV. DISCUSSION
A. Perovskite powders
The high degree of K/Ta nonstoichiometry and proton incorporation observed for the perovskite powders has implications for the defect chemistry and dehydration mechanism. The protons may be present either in the form of hydroxyl groups (residing on sites normally occupied by oxygen atoms) or as H 2 O molecules (residing in currently unspecified locations). The former is common for many perovskites and has, for example, been observed for potassium tantalate perovskite crystals grown from the melt. 12 To account for these two possible modes of proton incorporation and the cation vacancies that likely accompany hydroxyl group formation, [13] [14] [15] [16] the chemical formula of potassium tantalate hydrate may be written as K x Ta y O 3−z (OH) z и nH 2 O, where x + 5y + z ‫ס‬ 6 is required for overall charge neutrality. The presence of cation vacancies as charge compensation defects is experimentally supported by the work of Shi and coworkers, 6 who observed by FTIR and electron paramagnetic resonance that the concentration of Ba 2+ vacancies increased with increasing OH − concentration in BaTiO 3 . Subsequent to synthesis, complete dehydration, as recorded in the TGA experiments, involves the loss of (z/2 + n) molecules of water, i.e.,
Thus, the magnitude of the weight loss provides useful data in helping to establish the defect chemistry.
To set the boundaries on the concentration of cation vacancies in the perovskite powders, two limiting cases will be considered. In case 1, cation vacancies are taken to be present on both potassium and tantalum sites, the K/Ta ratio is given by the chemical analysis (that is, x ‫ס‬ 0.93y), and all protons are taken to be incorporated in the form of hydroxyl groups such that n ‫ס‬ 0. In case 2, cation vacancies are allowed only on potassium sites, such that y ‫ס‬ 1 and x ‫ס‬ 0.93, but both hydroxyl groups and water molecules contribute to proton incorporation. Using these boundary conditions, the charge neutrality condition, and the value of (z/2 + n) implied by the weight loss measurements, all the stoichiometric parameters can be determined. The results for both cases for the 7 M and 15 M perovskite powders are summarized in Table II . Also given is the concentration of oxygen vacancies generated during dehydration for the two cases.
To establish which of these two cases more closely reflects the physical reality, we consider the NMR and FTIR results and the plausibility of the implied defect concentrations. The NMR spectra (Fig. 4) for both perovskite powders exhibited only one peak, and this result is consistent with the presence of a single type of proton, whereas the FTIR results (Fig. 3) 6 ] octahedra but differs in that the perovskite A sites are completely vacant. 17 On the other hand, it is not clear if the perovskite framework can be maintained in the presence of B site vacancy concentrations as high as 13% (case 1, 15 M perovskite powder). Therefore, while case 1 is suitable for describing completely the defect chemistry of the 7 M perovskite powder, it is improbable for the 15 M perovskite powder.
In considering the alternative, case 2, it is necessary to establish where the H 2 O molecules might reside within the perovskite structure. Given the charge neutrality of the water molecule, this species is equally likely to occupy a site normally filled by either anions or cations; it is proposed that any H 2 O resides on the A (or potassium) sites, based primarily on the similarity in size of K and H 2 O. This location of the water molecule can be reconciled with the NMR results, in which a single type of proton environment was revealed. The protons within potassium tantalate, as with any oxide material, will participate in the formation of hydrogen bonds between two neighboring oxygen atoms, and the chemical shift of the NMR signal is primarily established by the distance between those two oxygen atoms. 11 In the case of OH − protons, in which the hydroxyl group resides on a normal oxide ion site, the nearest oxygen atom is at a distance of a/√2 Å (where a is the lattice parameter). This distance is also precisely the K-O distance, and a similar hydrogen bond can be formed between H 2 O located on a potassium site and its nearest oxygen neighbor. Thus, the two different species, OH − and H 2 O, can produce similar local environments for the protons and thereby result in the presence of only one peak in the NMR spectra.
In the extreme of case 2, the concentration of potassium vacancies implied is 7% (for both powders). While this value is sufficient to accommodate all of the water molecules of the 7 M perovskite powder (n ‫ס‬ 0.066) it is far less than what is required to accommodate all of the water molecules of the 15 M perovskite powder, for which n ‫ס‬ 0.44. Thus, it is impossible for case 2 to adequately describe the defect chemistry of the 15 M perovskite powder. In light of the discussion above, we conclude that the scenario for the 15 M perovskite powder is between cases 1 and 2, and that the structure contains both potassium and tantalum vacancies as well as hydroxyl groups and water molecules (limited to the fraction of potassium vacancies, i.e., n ‫ס‬ 1 − x). An estimate of the defect concentrations in this intermediate case can be established for the experimental conditions (K/Ta ratio ‫ס‬ 0.93, dehydrated water loss of 3.1%) for the condition where x ‫ס‬ 0.85, y ‫ס‬ 0.92, and z ‫ס‬ 0.57, namely, a dehydrated formula of K 0.85 Ta 0.92 O 2.72 .
In addition to the two hydrogen containing species, OH − groups on oxygen sites and H 2 O molecules on potassium sites, one can also consider the possibility of proton incorporation via H 3 O + groups, presumably also on potassium ion sites. From local charge balance considerations, such species are, perhaps, more plausible than H 2 O on K sites. However, hydronium ions would be In all, our analysis indicates that the concentration of defects is significantly greater in the 15 M perovskite powder than in the 7 M. The 15 M perovskite powder also has the larger lattice constant, 4.000 Å, as compared to 3.991 Å. This result is consistent with observations for hydrothermally synthesized BaTiO 3 powders that the lattice parameter increases with increasing concentration of point defects like cation vacancies and hydroxyl groups. 16, 18 It has been proposed that these defects reduce the Coulomb attractive forces between the ions, leading to an expansion of the lattice.
The dehydration reaction [reaction (1)] involves both the loss of molecular water and water present in the form of hydroxyl groups. For the case of the loss of hydroxyl groups, oxygen vacancies are generated for charge compensation, as implied above, and stated more explicitly according to 14, 15 
The removal of the hydroxyl groups from the interior of the structure requires the concurrent diffusion of oxygen ions and protons. For undoped perovskites, oxygen is sufficiently mobile only above 600°C. 19 For the protonic conductor, barium zirconate, which is deliberately doped to produce oxygen vacancies, the onset of dehydration is reported to occur at lower temperatures, i.e., between 350 to 550°C. 20 In contrast, for the perovskite powders studied here, 68% and 33% of the weight loss for the 15 M and 7 M perovskite powders, respectively, occur below 350°C. This occurs despite the fact that all oxygen sites in the hydrated perovskite [e.g., K 0.85 Ta 0.92 O 2.43 (OH) 0.57 и 0.15H 2 O] are expected to be filled with oxygen or hydroxyl ions while the potassium sites are filled with potassium ions or water molecules. As the perovskite structure is a cubic close-packed structure composed of potassium and oxygen ions, this implies that there is no path for the diffusion of water molecules out of the structure.
To account for the rapid loss of water at low temperatures, it is proposed that water molecules that sit on potassium sites at the surface are lost first. In addition, reaction (2) taking place at the surface leads to the generation and loss of additional water molecules. These two processes create the required vacant sites for the subsequent diffusion of water molecules from beneath the surface. The boundary between the region close to the surface that contains vacant potassium and oxygen sites and the interior region with hydroxyl groups and potassium sites filled with water molecules then moves progressively inward, analogous to a drying front, as water molecules diffuse to the surface. Note that reaction (2) can also take place internally near a vacant potassium site. In addition, since the water molecule is a neutral species with a Coulombic radius of 1.37 Å, 21 the molecule could diffuse to the surface by hopping through either the vacant potassium sites (r ‫ס‬ 1.60 Å) 22 or the vacant oxygen sites (radius, r ‫ס‬ 1.42 Å).
B. Pyrochlore powders
The general formula for a normal pyrochlore can be written as A 2 B 2 O 6 OЈ with four crystallographically nonequivalent atom sites; the structure can be viewed as interpenetrating networks of B 2 O 6 and A 2 OЈ. 23 In this description, the B 2 O 6 network is made up of a threedimensional array of corner-shared BO 6 octahedra interpenetrated by zig-zag chains of A 2 OЈ. As it is the B 2 O 6 network that is essential for stabilization of the structure, vacancies can exist at both A and OЈ sites without changing the basic framework. 23 Vacancies at the cation and/or anion sites give rise to the defect pyrochlore structures of A 2 B 2 O 6 ٗЈ or AٗB 2 O 6 ٗЈ, 24, 25 many of which are found hydrated. 8, 24, [26] [27] [28] [29] As the K/Ta ratio of the pyrochlore phase found in this study is ≈0.5, its structure appears to be of the second type, AٗB 2 O 6 ٗЈ. Duan and co-workers, who also synthesized the pyrochlore phase at 4.4 M KOH/200°C/48 h and also observed a K/Ta ratio of ≈0.5, proposed that one of the oxygen atoms in the B 2 O 6 unit is substituted by a hydroxyl ion and furthermore that the compound is hydrated, thereby giving a formula of KٗTa 2 O 5 (OH)ٗ и nH 2 O, where ٗ depicts the two sites that might be occupied by the water molecules. The 1 H MAS NMR spectra for the 4 M pyrochlore powder synthesized in this study, shown in Fig. 4(b) , indicates the presence of at least two types of protons in the structure and provides support for such a formula. In addition, FTIR studies (Fig. 6 ) confirm the presence of water and hydroxyl groups. When K/Ta ‫ס‬ 0.5 is assumed for simplicity and
a value of n ‫ס‬ 1.4 is calculated for the measured weight change (≈6.5%). This amount of water can be accommodated in the vacant potassium and oxygen sites denoted by ٗ. (5) At lower OH − concentrations (e.g., 4 M KOH) the 1:2 pyrochlore appears to be the only stable phase (the potassium concentration does not appear to be controlling since the perovskite phase was produced when substantial amounts of KOH were replaced by CsOH). At high OH − concentrations, the pyrochlore is only an intermediate phase [via reaction (4)], and the perovskite is the stable phase [formed via reaction (5)].
For the K/Ta ratio to increase from the 0.51 for the pyrochlore powder to 0.93 observed for the perovskite powder, it is most likely that the conversion occurs via a dissolution-reprecipitation mechanism. A consequence of this is that even after all the precursor Ta 2 O 5 powder has dissolved, soluble tantalum oxide species continue to be supplied from the dissolution of the pyrochlore. As such, it is probable that nucleation occurs over an extended period of time, concurrent with growth, leading to the larger particle size distribution observed for the 7 M perovskite powders. Following similar reasoning, it is then probable that the nucleation of the 15 M perovskite powder occurs over a much shorter period of time since its synthesis does not involve an intermediate pyrochlore, and this leads to the narrower particle size distribution observed [compare Figs. 2(b) and 2(c)].
The ease with which water can diffuse into and out of KٗTa 2 O 5 (OH)ٗ и nH 2 O can be understood in terms of its structure, which is permeated by three-dimensional tunnels (associated with the vacancies ٗ on both the cation and anion sites). This defect pyrochlore is known as an octahedral molecular sieve, so named because the basic building block is a TaO 6 octahedron instead of the tetrahedra found in zeolite molecular sieves. 8 XRD, neutron diffraction, and NMR experiments on these pyrochlore structures have all demonstrated that the water molecules and hydroxyl protons reside within the tunnels. 8, 28, 29 In addition, Brunauer-Emmett-Teller adsorption measurements have shown that the dehydrated KTa 2 O 5 (OH) defect pyrochlore maintains its open structure at 300°C, while in situ hot stage XRD in this study and by others 27 have shown that the crystal structure is stable to at least 400°C. Using in situ diffuse reflectance FTIR, Duan et al. observed that heating the defect pyrochlore powder up to 250°C caused an almost complete disappearance of the bending vibrations of H 2 O at 1600-1650 cm −1 although the broad band due to O-H stretching was still present. 8 As such, the contraction of the pyrochlore lattice upon heating, as observed by in situ hot stage XRD in this study, is largely due to the loss of molecular water from the channels, which, upon readsorption at room temperature, leads to an expansion of the lattice.
The driving force for adsorption of water in molecular sieves is the formation of ion-dipole pairs, in this case between water molecules and potassium ions, and hydrogen bonding between water molecules and oxygen of the B 2 O 6 framework (the 48f oxygen). 30 The hydrogen bonding between 48f oxygen and water molecules reduces the Coulomb attractive forces between ions in the B 2 O 6 framework and leads to an expansion of the lattice. This could explain the increased lattice parameters observed for the as-synthesized defect pyrochlore powders. Consequently, the removal of water molecules upon dehydration would then lead to a contraction of the lattice and then expand again when rehydrated, as observed in the in situ hot stage XRD experiments. This ready reversibility supports the proposal that physisorbed (e.g., hydrogen-bonded water molecules) rather than chemisorbed (e.g., hydroxyl groups) species are involved in the expansion and contraction of the lattice. The ability of physisorbed water to cause structural changes at room temperature has also been observed for other molecular sieve materials. 31, 32 
V. CONCLUSIONS
Potassium tantalate powders were synthesized by the hydrothermal method at 100 to 200°C in highly alkaline ( 
